Introduction
Water can be considered to be the most important molecule in living systems. Water plays a variety of cellular functions, being the solvent of most biological molecules, a substrate and product of enzymatic catalysis, an important component of macromolecules, and more. Hydrophobic interactions together with hydrogen bonds are crucial to protein shaping and stabilization, and are strongly dependent on water molecules. Water not only surrounds proteins but is often an integral part of proteins and is involved in key mechanistic steps as well. 1 These multiple roles played by water molecules are associated with its unusual and unique properties; its small size, the dipolar nature caused by its charge distribution, the capacity to act both as a hydrogen bond donor and acceptor, and the entropic gain associated with the release to bulk solvent, when bound to proteins and ligands. 2 This review will discuss the role of water and its influence on computational structure-based drug design approaches. In particular, we will focus on the structural and thermodynamic properties of water in active sites. In the introduction we will introduce these topics at the hand of some well-studied examples of protein-ligand complexes in which water molecules seem to play crucial roles. We will then shift our attention to computational methods to first predict the presence of water molecules in protein-ligand complexes and subsequently to include such molecules in existing computational approaches. We will end the review with an evaluation of the different methods and approaches.
Structure
Water molecules within the active site of a protein target can take on various roles and should therefore be incorporated in structure-based drug design. They may mediate protein-ligand interactions by bridging between the ligand and the protein, or may be displaced by a ligand. A ligand that can displace and mimic these structural water molecules will have a more favorable binding free energy. 3 In order to investigate the presence of water molecules within protein-ligand complexes experimentally, X-ray crystallography is the major source of information. However, it should be noted that the inherent mobility of water molecules make determination and visualization of them challenging. When the crystal structure of a protein does not show any explicit water molecules in the active site, this does not necessarily mean they are not present in reality. Water molecules that are in rapid exchange with bulk solvent, or that are relatively mobile within the binding site, will not be observed in crystallographic studies, but may still play a major role in the protein function. An example of this is the Cytochrome c oxidase protein, a redox-driven proton pump that creates a membrane proton gradient responsible for driving ATP synthesis in aerobic cells. The crystal structure does not show any water molecule in the catalytic center. 4 However, it is believed that, since protons are delivered to the catalytic center, where the reduction of molecular oxygen occurs, at least some water molecules must be present there. 5 An extensive analysis of water molecules at the protein-ligand interface, observed in highresolution crystal structures, was performed by Lu et al. in 2007 . 6 A total of 1829 ligand-bound water molecules were observed in 392 complexes, of which 18% are surface water molecules, and 72% are interfacial water molecules, of which 76% are considered to be bridging water molecules. The number of ligand-bound water molecules in each complex ranges from 0 to 21. On average, there are between three and four water molecules involved in bridging hydrogen bonds between a protein and its ligand. Several examples of hydrogen-bonded bridges between protein and ligand are reported in the literature. 1a,7 A well-studied example is the oligopeptide binding protein of Salmonella typhimurium (OppA), which binds small peptides of two to five residues, regardless of the amino acid sequence. 8 The lack of specificity is possible because the majority of interactions between OppA and the peptides are mediated by water, stabilizing positive and negative charges or dipoles on the ligand side chains. The crystal structure of the tripeptide Lys-Glu-Lys (KEK) in complex with OppA (PDB code 1JEU), 9 shows that the ligand is completely buried in the active site and that most of the interactions between KEK and OppA are formed through nine water molecules. For different peptides, different water configurations are observed. [8] [9] In structure based drug design, one of the central strategies is to modify lead molecules slightly to obtain or improve certain therapeutic properties. 10 The rationale behind this approach is that similar molecules bind in a similar fashion to a target receptor, thus possibly inducing the same effect. Nevertheless, the new compound may adopt a different binding mode, due to the presence of internal water molecules. This effect was examined in 2006, when a comparative study was performed on X-ray structures of 206 pairs of structurally similar ligands binding to a common protein. 11 When comparing the water molecule architecture within a pair, a difference in the water positions in 68% of the cases is observed. This effect is seen throughout all protein classes of the 206 complexes. A well-known example is HIV-1 protease which is a homodimer forming a single symmetric active site. 12 The substrate-free HIV-1 protease active site (PDB code 1G61) 13 displays the two catalytic residues Asp25 and Asp125 as well as two water molecules (300 and 301). Water 301 is a conserved water molecule, located on the HIV-1 protease symmetry axis, bridging the two subunits. NMR studies showed that this water molecule has a long residence time. 14 It is commonly observed to donate two hydrogen bonds to inhibitors and to accept two hydrogen bonds from the backbone of the protein residues Ile50 and Ile150, situated on the protein 'flaps'. 15 For example, Kynostatin 272 (KNI-272), is a potent and selective inhibitor of HIV-1 protease. 16 Four structural water molecules (including water 301) were observed both by crystallography and by NMR spectroscopy at the interface between HIV-1 protease and KNI-272 (PDB code 1HPX). 17 On the other hand, potent cyclic urea inhibitors were designed to displace and mimic the reactions of water 301, leading to more potent inhibitors. 18
Thermodynamics
For drug discovery purposes, a detailed understanding of interactions between biomolecular macromolecules and small chemical compounds is of vital importance. Multiple factors play roles in protein-ligand binding, elucidated with in-depth computational studies. 19 Assessment of the free energy of binding (ΔG) offers insight in this process of ligand binding. The efficient and accurate calculation of ΔG is still one of the holy grails in computational chemistry. In recent years, experimental methods such as isothermal calorimetry to determine the thermodynamics of ligand binding have become quite popular. 20 The binding free energy is the result of a series of events occurring upon ligand binding, one of which is the (de)solvation of both ligand and host. In order to score ligands according to their binding affinity, three actors should be taken into account: the ligand, the protein and the solvent in which both are solvated. Figure 6 .1 schematically indicates how each of these three factors may contribute to the binding free energy, which is the sum of all contributions. From the perspective of the ligand, the complexation with the protein should offer favorable interactions such as hydrogen bonds, charge-charge or pi-pi interactions, etc. These interactions will add favorably to the enthalpy of binding. On the other hand, upon binding the ligand looses conformational, translational and rotational freedom, resulting in an unfavorable entropic contribution to the binding process. According to the conformational selection model, a protein is present in an ensemble of different conformations. 21 Low-energy conformations are more likely and will be observed more often, while higher-energy conformations will occur only rarely. A ligand that binds to the active site may only be able to do so if the protein is in a specific conformation. For tightly binding ligands, the favorable protein-ligand enthalpy may be sufficient to stabilize the protein when it is in a high-energy conformational state. From the perspective of the protein, this is an unfavorable enthalpic contribution. As the ligand now locks the protein in this conformational state, its flexibility is also reduced, leading to an additional unfavorable entropic contribution. Although an important contribution to the free energy, the effect of the solvent is often ignored in modeling approaches. On the one hand, the loss of direct solvent-ligand and solvent protein interactions (hydrogen bonds) lead to an unfavorable enthalpic contribution, whereas, on the other hand, these structured water molecules are released to bulk solvent upon ligand binding, which leads to a favorable increase in entropy. 22 Dunitz showed that the release of a highly ordered water molecule from the active site to bulk solution theoretically results in an entropic gain of 7 cal mol -1 K -1 . 23 Li and Lazaridis assessed the role of structural water molecules in protein-ligand complex formation by calculating their contribution to the thermodynamics of protein solvation. Using statistical mechanics and the inhomogeneous fluid solvation theory, they computed the contribution of the displaced water molecule in HIV-1 protease upon binding of DMP450, and concluded that water displacement is indeed favorable for binding. 24 In another study, it was found that the thermodynamic consequences of displacement of an ordered water molecule in a concanavalin A complex by ligand modification resulted in a decrease in binding free energy, in agreement with experimental data, 25 again by calculating the contribution of this water molecule to the thermodynamic properties. It was shown that the entropic penalty of ordering is large but is outweighed by the favorable enthalpy gain of the water-protein interactions. 26 Bridging water molecules (possibly outside the protein-ligand interface) were estimated to contribute up to 3 kcal mol -1 to the binding affinity. 27 Desolvation leads to an unfavorable enthalpic contribution, but a favorable entropic contribution.
The substrate-free structure of the bacterial Cytochrome P450cam (CYP450cam) indicates the presence of approximately six water molecules in the active site. 28 Upon ligand binding, some or all of these active site water molecules are displaced, yielding a favorable contribution to the binding free energy. In the crystal structure of CYP450cam complexed with 2-phenyl-imidazole (PDB code 1PHD), 29 one water molecule is located in the active site. Water 802 forms hydrogen bonds with both the ligand and the protein. This water molecule influences the ligand binding mode and orientation, stabilizing the interaction by nearly -12 kJ mol -1 (the negative sign indicating a favorable interaction). 30 The same protein, however, in complex with its natural substrate camphor (PDB code 2CPP) 31 does not seem to contain water molecules in the active site, despite the presence of an interfacial cavity large enough to accommodate water molecules. Solvation of this cavity was estimated to be unfavorable by +16 kJ mol -1 (the positive sign indicating an unfavorable interaction). 30 This indicates that structural details of the binding cavity are very important and that the contributions to the binding free energy of single water molecules cannot be generalized in a single value.
Conserved or replaced
Some of the examples above show the importance of being able to predict whether water molecules in the protein binding site will be conserved or displaced upon ligand binding. Several methods are available that address this problem. Consolv 32 predicts if water molecules in the binding sites of apo-proteins are likely to be conserved or displaced upon ligand binding. It uses a hybrid k-nearest-neighbors classifier and a genetic algorithm. The program examines the environment of each water molecule in the ligandfree structure by calculating the temperature B-factors of water molecules, the number of hydrogen bonds between protein and water, and the density and hydrophilicity of neighboring protein atoms. After training on a set of 13 non-homologous proteins, Consolv was able to predict the conservation or displacement of water molecules in the active site of seven new proteins with an accuracy of 75%. However, Consolv fails to predict water molecules that are displaced by a polar group in the ligand. Consolv is incorporated in the SLIDE docking procedure (see below), 33 to predict water-mediated interactions with the ligand.
WaterScore, developed in 2003 by Garcia-Sosa et al. 34 uses multivariate logistic regression analysis to establish a statistical correlation between the structural properties of water molecules in the binding site of a free protein crystal structure, and the probability of observing the water molecules in the same location in the crystal structure of the protein-ligand complexed form. Using the B factor of the water molecule, the solvent-accessible surface area, the total hydrogen bond energy, and the number of protein-water contacts, it tries to distinguish between conserved or displaced water molecules. A set of 25 proteins was tested, with an accuracy of 67.4%. A limitation of WaterScore is the way displaceable water molecules are defined. Water molecules that are sterically displaced by the ligand are not considered, indicating that the program can not be used to test a design strategy in which the ligand explicitly competes with the solvent for a binding site.
The HINT force field is a non-Newtonian force field based on experimentally determined log Po/w values. 35 It implicitly includes entropic contributions arising from water molecules in the bulk solvent. The total HINT score for the complex interaction is given by the sum of the contributions resulting from protein-ligand, ligand-water, and protein-water interactions. The Rank algorithm calculates the geometrical quality of potential hydrogen bonds formed by each water molecule to non-water atoms in a solvated protein. 36 Amadasi et al. combined HINT and Rank analysis to characterize water molecules bound to proteins both in the presence and absence of ligands. 37 A water molecule with a high Rank and HINT score is regarded to be unlikely to make further interactions with the ligand and is largely irrelevant to the binding process, while a water molecule with moderate Rank and high HINT score is available for ligand-water interaction. A water molecule that is being displaced by a ligand is characterized by lower Rank and HINT score. With these 'guidelines', HINT and Rank scores were calculated for 50 water molecules bound in the active site of 4 apo-proteins for which the holo-structure was also known. For 76% of these water molecules, the behavior in the complex was predicted correctly. The HINT method has been applied successfully in several studies. When it was used to estimate the free energy of binding in HIV-1 protease-ligand complexes, 15 the correlation between the HINT scores and the experimentally determined binding constants showed a r 2 = 0.63 with a standard error of ± 0.95 kcal mol -1 . In 2008, the HINT program and Rank algorithm were validated by training a model on 13 structurally and functionally diverse proteins containing 125 discrete water molecules. 38 The model was tested on an independent set of 18 proteins. 87% of the 68 water molecules in the test set were correctly classified, which increased to 92% when restricted to proteins with a crystallographic resolution below 2.0 Å. The effect of the resolution on the success rate highlights the difficulty in experimentally determining water molecules.
To predict favorable hydration sites, GRID places a small chemical probe molecule on a grid (GRID), and calculates an empirical interaction energy at all grid points. 39 The GRID program has proven to be useful both for checking water locations and for placing water molecules that appear to be missing from the complexes due to crystallographic uncertainty. [39] [40] As an example, GRID was used to predict the required water molecules to propose correct binding modes of carbohydrates in heat-labile Enterotoxin. With this information, AUTODOCK was successfully applied to predict docking poses within 1.0 Å of experimental values. 41 Similarly, docking experiments were performed on Cytochrome P450 and Thymidine Kinase complexes to predict binding modes of ligands, including active site water molecules. 42 The positions of these water molecules were obtained in two ways: (i) from the known X-ray crystal structures directly, and (ii) from predictions using a GRID-based method. The increase in docking accuracy due to the incorporation of structural water molecules was comparable for the two scenarios.
DOWSER 43 predicts favorable hydration sites based on the average interaction energy during a short molecular dynamics simulation. An energy cutoff of -10 kcal mol -1 is used to determine if interior cavities are occupied by water or not. It was successfully applied to identify water molecules in the internal cavity of staphylococcal nuclease protein, prior to molecular dynamics simulations. 44 
Molecular docking
Among the most commonly used virtual screening methods in computational drug design are docking methods, which have been successfully applied on a number of pharmaceutical targets, to predict the binding modes and affinities of potential receptor agonists and enzyme inhibitors. Currently, more than 60 docking programs and more than 30 scoring functions are available. 10b,45 Although considerable efforts have been devoted to the development of accurate and fast docking procedures, there certainly still is room for improvement. Protein flexibility, the presence of water molecules and the evaluation of the binding free energies are the main issues that have not been solved satisfactorily. 10a For many years, explicit water molecules were not taken into account in docking studies, but were simply being removed. Solvation effects are often considered implicitly through the empirical scoring function. If it is known (or predicted) which water molecules in the protein active site are conserved and which are being replaced, one can include these in the docking experiment. It remains a problem though, if the behavior of the water molecules is different per ligand. 3b, 46 In those cases, one attempts to apply a protocol that will decide whether to keep or displace each of the important water molecules. 47 In the following sections, the current possibilities for the inclusion of water molecules in some of the more wellknown docking programs will be discussed. Some characteristics for these programs are summarized in Table 6 .1. Obviously, similar considerations hold for de novo design programs, 48 however the specific concerns for de novo design approaches fall outside the scope of this review.
AUTODOCK
AUTODOCK was developed as an automated docking procedure for flexible ligands, which uses a Lamarckian genetic algorithm. 49 Structural water heterogeneity and protein mobility were incorporated by combining multiple target structures within a single grid of interaction energies. 50 The approach was tested on 21 complexes of HIV-1 protease with different inhibitors. Twenty of these inhibitors rely on the structural water for stability, and one inhibitor displaces this water, requiring the water site to be empty for proper binding. Multiple solvation models and protein conformations were incorporated into one docking procedure by using a combined grid derived from 20 structures both with and without the crystallographic water. The disadvantage of this approach is the computational cost of generating the various grids.
FITTED
FITTED was developed to address the major challenges in molecular docking, protein flexibility and displaceable water molecules, and, in the latest version (2.6), also ring conformational search. 51 It is based on a genetic algorithm, with a new potential energy term added to the AMBER force field, that accurately accounts for displaceable water molecules. It makes use of a switching function which scales the (intermolecular) energies involving a water molecule. FITTED successfully improved docking results of inhibitors to a set of HIV-1 protease, thymidine kinase, trypsin, factor Xa and MMP when water molecules were considered, as opposed to when they were removed, with 79% and 67% accuracy, respectively. Also, the occurrence of water molecules was predicted with nearly 80% accuracy. 51a Where the first version of FITTED was found to be rather inefficient, enhanced versions did increase in speed. However, in comparison to other docking methods, it was found to be (too) time-consuming, and therefore not competitive. 46 
FlexX
FlexX samples the conformational space of the ligand on the basis of a discrete model and uses a tree-search technique for placing the ligand incrementally into a rigid binding site. 52 The scoring function is modified from Böhm's scoring function 53 which includes entropic, hydrogen-bonding, ionic, aromatic and lipophilic terms. The FlexX docking procedure is unique in the way it 'predicts' potential locations of water molecules, rather than rely on crystallographic positions. An algorithmic extension is presented as the particle concept. 54 The particle concept places spherical objects between the ligand and the protein during the incremental docking procedure. The objects (particles) have the ability to form molecular interactions like hydrogen bonds to the ligand as well as to the protein. They interact with the protein and the ligand sterically and physicochemically. A single water molecule is modeled as a particle with the radius of an oxygen atom able to form four hydrogen bonds, but particles can also be used to integrate small molecules, single atoms or metal atoms in the protein-ligand interface. The FlexX docking method using the particle concept was tested on a set of 200 known proteinligand complexes taken from the Protein Data Bank. The average improvement of docking accuracy using the particle concept was small. Water locations were predicted that were also observed in the crystal structures in only 35% of the cases. However, the docking result is drastically improved in specific test cases like HIV-1 protease, where water 301 is known to play a critical role. 54 6.5.4 GLIDE GLIDE (Grid-based ligand docking with energetics) approximates a complete systematic search of the conformational, orientational and positional space of the docked ligand. 55 It uses a series of hierarchical filters, a screening funnel, to search for possible locations of the ligand in the active site. To include solvation effects, Glide docks explicit water molecules (determined from protein crystal structures) into the binding site for each energetically competitive ligand pose and employs empirical scoring terms in the GlideScore scoring function that measure the exposure of various functional groups to the explicit waters.
GOLD
GOLD is an automated ligand docking program that uses a genetic search algorithm to explore the full range of ligand conformational flexibility with partial flexibility of the protein, and satisfies the fundamental requirement that the ligand must displace loosely bound water on binding. 56 In order to predict whether a specific water molecule should be bound or be displaced, GOLD estimates the free-energy change associated with the transfer of a water molecule from bulk solvent to its binding site in a protein-ligand complex. For a water molecule to be bound to a protein-ligand complex, its intrinsic binding affinity needs to outweigh the loss of rigid-body entropy on binding, parameterized as a constant penalty. In addition to being switched 'on' or 'off', water molecules can be allowed to rotate. Since allowing water molecules to toggle increases the complexity of the docking procedure, there is a limit to the number of water molecules that are included. Ideally, a maximum of three water molecules is advised (private communication).
The constant penalty, σp, was optimized against a training set of 58 protein-ligand complexes, which contained the four drug targets HIV-1 protease, factor Xa, thymidine kinase and OppA. This was done for both the GoldScore and the ChemScore scoring functions. For this training set, the algorithm correctly predicted water mediation/displacement in ~92% of the cases (94% for GoldScore, 90% for ChemScore). Also, small but significant improvements were observed in the quality of the predicted binding modes. Furthermore, an entirely independent test set of 225 complexes was used. For this test set, the algorithm correctly predicted water mediation/displacement in ~93% of the cases. 56b In the Astex Diverse Set, consisting of 85 protein-ligand complexes, GOLD was able to correctly reproduce the binding modes of almost every complex, when crystallographic water molecules are included. However the authors are critical, speculating that the search space might be drastically reduced by the presence of these water molecules. 57 Similarly, in docking experiments on the human Cytochrome P450 1A2, the effect of including the crystallographic water was not clear. 58 6.5.6 SLIDE SLIDE (Screening for Ligands by Induced-Fit Docking) is a screening tool which looks for chemical and geometrical similarity between the ligand and a binding site template. 33 First, the binding site of the protein is described by a template of favorable interaction points above its surface, onto which ligand atoms are mapped during the search. An empirical scoring function (SlideScore) is used to efficiently divide large databases into feasible and infeasible compounds. The most promising ligand candidates are docked, and a ranked list of some 100 potential ligands for a given protein target is produced. SLIDE is able to reduce large compound databases of more than 175.000 organic compounds to a ranked list of approximately 100 docked potential ligands within an hour to a day. The positions of water molecules in the binding site from the protein crystal structure are analyzed, and predicted by Consolv. 32 SLIDE shifts the water molecules when they collide with protein or ligand atoms. Therefore, it addresses the problem that the location of water molecules should be optimized upon docking of ligands. However, the program does not consider the energetics associated with these moves. If the collision of the water molecule cannot be resolved by relocation, the water molecule is considered to be displaced and a penalty is added to the final score if a lost hydrogen bond is not replaced by a corresponding protein-ligand interaction. 45c 
Docking program

Molecular Dynamics
Internal water molecules may have an important contribution to the protein-ligand interaction. High-resolution crystallography studies have contributed detailed understanding of the functional roles of internal water molecules. However, the amount of structural information on water molecules is relative. Only the water molecules that are highly ordered and bound at specific sites are observed in crystal structures. Structurally disordered water molecules are invisible to X-ray diffraction methods, yet these might also be of importance to the protein-ligand complex. Molecular Dynamics (MD) simulations may be used to detect and study the structure and dynamics of internal water molecules. The number of water molecules observed in MD simulations can be larger than the number reported in crystal structures.
Damjanović et al. performed MD simulations of 10 ns on the Staphylococcal nuclease (SN) protein. 44 The locations of internal water molecules were determined from the trajectories, and compared with the locations of water molecules observed in 100 available crystal structures. Three of the internal water molecules found by MD simulations correspond to water molecules observed in the crystal structure, and all have a residence time > 4 ns. Two of these water molecules are bound in a protein loop, and have the longest residence times (7.6 and 10 ns). These hydration sites remain occupied during the entire length of the simulation. The third water molecule is buried inside the hydrophobic core, and has a residence time of 4.4 ns. Furthermore, the simulations reveal the presence of water molecules situated in a hydrophobic region in the interior cavity at locations where no water molecules have been observed crystallographically. The results appeared to be independent on the force field that was used (CHARMM 59 or AMBER). 60 In another study, the hydration of water molecules in the binding pocket of fatty acid binding protein (FABP) was investigated. 61 MD simulations were carried out for rat FABP, in apo-form and with bound palmitate (holo-form). FABP in apo-form contains a large interior cavity, filled with water molecules. Crystal structures of apo-FABP display 30 water sites, including seven to nine well-ordered water molecules, a number which is confirmed by MD simulations. This large water content of the internal cavity implies its relevance for understanding protein-ligand interactions. Also, solvent exchange pathways between the FABP interior and exterior were studied. From MD simulations, it was found that holo-FABP shows a relatively constant count of 21-22 internal water molecules. Hence, it can be concluded that fatty acid binding displaces about eight water molecules. This number would not be available from crystal structure determination, which can only identify well-ordered water molecules. Furthermore, it was shown that solvent inside apo-FABP showed characteristics of a water droplet, while solvent in the holo-FABP benefits from interactions with the ligand head group and forms slightly stronger interactions with protein residues. Another interesting finding was that the rate of water exchange between the interior cavity and the bulk was much higher in holo-FABP than in the apo-FABP, which is counter-intuitive given the smaller number of water molecules inside the binding cavity. The authors speculate that a favorable exchange pathway is opened when a ligand is bound.
As a third example, we mention ligand binding to the DNA minor groove, usually restricted to curved molecules. The linear compound DB921 was found to bind in the groove with unusually strong affinity, even compared to curved molecules. 62 X-ray studies showed that this effect of tight binding is due to a bridging water molecule. MD simulations of the crystal structure resulted in a deeper understanding on how this water molecule couples the ligand and the DNA minor groove, showing rearrangements in orientation and conformation of the ligand, and adapting water molecules. 62
Free energy calculations
As the driving force of all molecular processes, the free energy is the key property to calculate when describing ligands binding to a protein. As was explained in the introduction, several factors contribute to the free energy of binding. Although still a difficult task, various methods have been developed to address these factors. 63 The double decoupling method uses molecular dynamics simulations to calculate the free energy of tying up water molecules in the binding site of protein-complexes in a theoretically sound way. 64 A number of studies have been published, in which free energy calculations are used to calculate the contribution of water molecules to binding free energies. 65 A slightly older, but extensive example is formed by the Cytochrome P450cam (CYP450cam) enzyme. Its substrate binds in a buried active site, displacing partially ordered solvent. Although six water sites have been assigned crystallographically to the substrate-free cavity, 28 they are partially disordered. Moreover, the volume of the entire cavity of CYP450cam is around 300 Å 3 , suggesting that it could accommodate up to ten water molecules. However, the surroundings of the active site are mainly hydrophobic. Using MD simulations with thermodynamic integration for cavities containing five to eight water molecules, it was confirmed that six water molecules was thermodynamically most favorable. 66 As mentioned in the introduction, free energy calculations were also used to quantify the favorable contribution of a water molecule mediating the interaction between CYP450cam and 2-phenyl-imidazole at -11.6 kJ mol -1 . CYP450cam in complex with camphor offers space for a water molecule hydrogen bonding with the camphor molecule. In agreement with the X-ray structure in which this water was not observed, it was calculated to contribute unfavorably with +15.8 kJ mol -1 . 30 These findings were combined to calculate the absolute binding affinity of camphor to CYP450cam by exchanging the substrate against six water molecules, using the free energy perturbation (FEP) method. 67 Using the double decoupling method, Hamelberg and McCammon showed that the standard free energy associated with localization of a water molecule in the binding site is -1.9 ± 0.5 kcal mol -1 for the trypsin/benzyldiamine complex, and -3.1 ± 0.6 kcal mol -1 for the HIV-1 protease/KNI-272 complex, respectively. 64b In both cases the localized water molecules stabilize the protein-ligand complex, most strongly so for the HIV-1 protease. All four waters observed by X-ray diffraction and NMR spectroscopy in HIV-1 protease were examined using the same method by Lu et al. 68 They confirmed that waters 301 and 607 contribute favorably to the complex by -1.9 ± 0.4 kcal mol -1 and -1.1 ± 0.3 kcal mol -1 , respectively. On the other hand, waters 566 and 608 seem to contribute only minimally with 0.4 ± 0.5 kcal mol -1 and -0.3 ± 0.3 kcal mol -1 , respectively. This indicates that not all structural waters contribute with the same amount to the stabilization and binding of the ligands. The results were also shown to depend on the protonation state of Asp25 and Asp125, with variations as big as 1.3 kcal mol -1 for water 301.
Using a similar approach, the binding free energies of 54 water molecules in six proteins (HIV-1 protease, neuraminidase, trypsin, factor Xa, scytalone dehydratase, OppA) were calculated. 69 The 54 water molecules were divided into 18 conserved water molecules and 36 displaceable ones. The average binding free energy of conserved water molecules was calculated to be -6.2 kcal mol -1 , and that of water molecules displaced by ligands -3.7 kcal mol -1 . Tightly bound water molecules are generally located in highly polar cavities and make three to four hydrogen bonds with the protein and the ligand. Loosely bound water molecules, on the other hand, are generally located in partially apolar cavities and are involved in less than three hydrogen bonds with the protein and the ligand. Bayesian statistics was subsequently applied to calculate the probability that a water molecule is displaced, given its binding free energy. Based on these predictions, the design strategy may be modified such as to maximize the interactions with conserved water molecules and target those that may be displaced. 69 
Evaluation
The important roles of water molecules in the binding pocket of proteins have been addressed during several decades of experimental and theoretical work. 70 Despite the fact that water molecules play an essential role in protein-ligand recognition and interaction, only few studies show that current methodology to include active site water molecules improves the accuracy of automated docking procedures. An extensive study by Roberts and Mancera on 240 protein-ligand complexes that contain water molecules in the binding site, confirmed the importance of including water molecules in docking studies. 47c
In 2002, Nissink et al. observed a small effect of leaving out water molecules in complexes where they are mediating protein-ligand complexes. 71 They compared the quality of the docking poses of a set of 55 protein complexes in which no water is present in the active site to the same values for a set of 40 protein complexes in which a water molecule is observed experimentally, but not included in the GOLD docking experiment. Higher success rates (73% docked within 1.5 Å) were observed for the set without waters than for the set with waters (61%), but the effect is actually rather small. GOLD was also used to dock 15 ligands into a neuramidase protein structure. 72 The X-ray structure (PDB code 1MEW) 73 contains two active site water molecules. Including one or two water molecules in the docking experiments reduces the quality of the docking poses when compared to their native X-ray structures. Some ligands should be able to replace only one water molecule, while others replace both waters. Yang and Chen developed the program GEMDOCK, which uses a Generic Evolutionary Method for molecular docking. 74 It was tested on a diverse dataset of 100 protein-ligand complexes. For 79% of these complexes, the best ranked ligand conformations deviated at most 1.78 Å from the corresponding crystal structures. The success rate was increased to 85% if the structured water molecules were kept, with an average RMSD value of 1.18 Å.
The role of water in using several docking programs and scoring functions was examined for 19 Cytochrome P450s and 19 thymidine kinase complexes. 42 Ligands were docked including (i) no water, (ii) crystallographically observed water or (iii) water molecules predicted by a GRID-based protocol. Including any kind of water molecules increased the performance for all three tested docking programs, GOLD, FlexX and Autodock. As the results with predicted water molecules seemed quite satisfying, the study was later extended to a homology model of Cytochrome P450 2D6, which was used to predict sites of metabolism in 65 substrates in a virtual screening experiment. 75 Again, the inclusion of predicted (static) water molecules seemed to improve the results. Later, the X-ray structure of the protein became available, which did not contain active site water molecules. 76 Rather, similar success rates in the docking poses could be obtained by using multiple water-free conformations of the very malleable active site. 77 Very recently, we have shown that inclusion of water molecules determined from MD simulations does have an effect on the docking results of individual substrates, but that no overall improvement could be observed. 78 Figure 6 .2 displays four effects of water that were observed on docking poses: improvement, worsening, no effect and no improvement. Most of the work mentioned above evaluate the effect of water molecules on systems in which the 'correct' poses are known. Even though no final conclusion can be drawn yet as to the need to include water molecules or the way in which this is best done, water molecules have already been described to play important roles in predictive virtual screening studies. 75, 79 Molecular Dynamics simulations have proven to be useful for studying protein hydration, and provide microscopic details. While docking can be considered to be a high-throughput virtual screening procedure, molecular dynamics (MD) simulations are still a low-throughput approach. MD simulations are often performed in explicit water solvent, making it straightforward to include structural active site water molecules. The ability of MD simulations to determine the A B C D water. The sphere represents the experimentally determined site of metabolism in the ligand, which should be close to the heme iron atom (in orange) for a docking pose to be considered 'correct'. (A) improvement; (B) worsening; (C) no effect; (D) no improvement upon including water molecules. 78 most likely sites of water binding in internal pockets and cavities depends on its efficiency in sampling all the hydration possibilities of internal protein sites. This can be enhanced significantly by performing multiple MD simulations as well as simulations started from different initial hydration states. 80 Statistically-mechanically sound evaluations of the binding affinity of water molecules to such sites is informative, but comes at an even larger computational cost.
Conclusion
Water molecules play multiple roles in the life of organisms, which can be associated with its unusual and unique properties; its small size, the dipolar nature caused by its charge distribution, the capacity to act both as a hydrogen bond donor and acceptor, and the entropic gain associated with the release to bulk solvent, when bound to proteins and ligands. Although water molecules are small and consist of only two atom types, and although the association of a ligand with a protein in an aqueous medium is described by a 'simple' process of molecular association, water molecules are difficult to determine and model. We have examined the role of water molecules in protein-ligand interactions, and the relevance of including them in computational drug design. Water molecules can be present in the protein active site, and may subsequently be displaced or conserved upon ligand binding. Conserved waters are trapped in the binding site and may stabilize the complex and mediate protein-ligand interactions by the formation of hydrogen bond networks. Water molecules that are displaced by an incoming ligand are released to bulk solvent, thereby adding a favorable entropic contribution to the binding free energy of the ligand. We have discussed the details and difficulties of including water molecules into computational structure-based drug design methods, such as docking procedures and molecular dynamics simulations. Despite the evidence of its role as a moderator and mediator in protein-ligand interactions in a manner that can increase binding affinity and selectivity, it remains difficult to predict and interpret this role. Therefore the versatility of water molecules has probably not been exploited to its fullest extent in structure-based drug design.
